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The achaete –scute complex of Drosophila has been the focus of extensive genetic and developmental analysis. Of the four genes at this
locus, achaete and scute appear to act redundantly to specify the peripheral nervous system. They share cis-regulatory elements and are co-
expressed at the same locations. A mutation removing scute activity has been previously described; it causes a loss of some sensory bristles.
Thus, when Scute is absent, the activity of achaete allows formation of the remaining bristles. However, all existing achaete mutants are
rearrangements affecting regulatory sequences common to both achaete and scute. To determine the level of redundancy between the two
genes, we have used a P element approach to generate a null allele of achaete, which leaves scute and all cis-regulatory elements intact. We
find that the peripheral nervous system of achaete null mutant larvae and imagos lacks any detectable phenotype. However, when the levels
of Scute are limiting, then some sensory organs are missing in achaete mutant flies. achaete and scute are thought to have arisen from a
duplication event about 100 Myr ago. The difference between achaete and scute null flies is surprising and raises the question of the retention
of both genes during the course of evolution.
D 2005 Elsevier Inc. All rights reserved.Keywords: achaete – scute; achaete mutant; Sensory organs; Redundancy; DrosophilaIntroduction
The genes of the achaete –scute complex (AS-C) of
Drosophila are essential for the development of the nervous
system and some other tissues. The AS-C comprises four
genes, achaete (ac), scute (sc), lethal of scute (l’sc) and
asense (ase), encoding related basic helix–loop–helix
proteins (Campuzano et al., 1985; Gonzalez et al., 1989;
Villares and Cabrera, 1987). Activity of these genes allows
cells to adopt a neural fate. The four genes appear to have
arisen from a single ancestral gene through three independ-
ent duplication events (Skaer et al., 2002). They have
distinct though overlapping expression patterns (Brand et
al., 1993; Cabrera et al., 1987; Dominguez and Campuzano,0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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Parras et al., 1996; Romani et al., 1987; Ruiz-Gomez and
Ghysen, 1993). The three proneural genes, ac, sc and l’sc,
are expressed in clusters of cells in the neuro-epithelium
from which single neuroblasts (precursors of the central
nervous system, CNS) or sensory organ precursors (periph-
eral nervous system, PNS) are selected. The function of l’sc
is essential for development of the CNS, that of ac and sc
for the PNS. The gene ase is expressed in neuronal
precursors after they have been singled out. Nevertheless,
the protein products of all four genes are largely inter-
changeable in ectopic expression assays (Brand et al., 1993;
Dominguez and Campuzano, 1993; Hinz et al., 1994; Jan
and Jan, 1994; Parras et al., 1996; Rodriguez et al., 1990).
achaete and sc arose from the most recent duplication
event. Earlier work with existing mutants suggested that
some sensory organs were ac-dependent and others sc-
dependent (Dambly-Chaudiere and Ghysen, 1987; Garcia-
Bellido, 1979; Garcia-Bellido and Santamaria, 1978; Mos-
coso del Prado and Garcia-Bellido, 1984a,b; Ruiz-Gomez285 (2005) 545 – 553
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expressed at the same sites (Cabrera et al., 1987; Cubas et
al., 1991; Gomez-Skarmeta et al., 1995; Martinez and
Modolell, 1991; Romani et al., 1987; Ruiz-Gomez and
Ghysen, 1993; Skeath and Carroll, 1991). Furthermore, the
majority of mutants are caused by rearrangements that
disrupt the function of discrete cis-regulatory elements each
of which mediates expression of both ac and sc in a cluster
of cells at the site of a specific sensory organ (Gomez-
Skarmeta et al., 1995; Ruiz-Gomez and Modolell, 1987). A
null mutation specifically affecting sc coding sequences was
recovered by Gomez-Skarmeta et al. (1995) and found to
display a loss of many bristles. However, in spite of all the
work carried out on this gene complex since the 1920s, no
null mutations of ac that do not simultaneously affect cis-
regulatory regions have been reported (Gomez-Skarmeta et
al., 1995). Comparison of mutations of ac and sc would
provide information regarding the functional redundancy of
this duplicate pair. We have performed a P-element-based
mutagenesis to obtain an ac null mutant and demonstrate
that flies lacking ac products lack any detectable phenotype.
However, when the levels of Sc are limiting, ac null flies
display missing bristles. We argue that ac has probably been
retained by selection and suggest that it either carries out an
as yet undiscovered sub-function or that it contributes to
genetic robustness ensuring fidelity of the pattern of sensory
organs.Materials and methods
Mutagenesis
The fly strain NP-6014 was obtained from the NIG stock
center, Japan (Hayashi et al., 2002) and contains a PGawB
type P element (Brand and Perrimon, 1993). The acsbm and
accami lines were produced by standard P element excision
procedure. Localization of P elements was done by inverse
PCR performed on MspI or Sau3A digested genomic DNA.
The 5Vfoot PCR primer pair was: PGAW2 CAG ATA GAT
TGG CTT CAG TGG AGA CTG and PGAW3 CGC ATG
CTT GTT CGATAG AAG AC; and the 3Vfoot PCR primer
pair was PRY4 CAATCATATCGC TGT CTCACT CA and
PLW3-2 TAA CCC TTA GCATGT CCG TGG GGT TTG.
The deletion induced in accami was mapped by sequencing a
PCR product with primers on both sides of the putative acsbm
P element insertion site: the forward primer sequence is TTG
GAT GGC CAC TTT CAA TAG, and the reverse primer
sequence is TCG TCG TTG AAA ACA GAG TGA. These
primers amplify a 513 nucleotide product on NP-6014 DNA
and a 295 nucleotide product on accami DNA.
Immunohistochemistry
Dissection, fixation, blocking and washing were per-
formed according to standard procedures. The Achaeteprotein was detected with a 1:20 dilution of the mouse
monoclonal primary antibody (Skeath and Carroll, 1991). In
the wing disc, we used a 1:200 dilution of Cy3-conjugated
secondary antibody. For embryonic expression, we used a
1:200 dilution of biotinylated secondary antibody, subse-
quently treated the sample with the Vectasian-ABC kit
(Vector Laboratories Inc) and revealed with the DAB
substrate. The embryonic nervous system was stained with
a 1:200 dilution of 22C10 antibody, recognized with a 1:200
dilution of an HRP-conjugated secondary antibody. DAB
was the substrate for the staining reaction.
In situ hybridization
Whole mount in situ hybridization was performed using
standard techniques with a sc-specific DIG probe. NBT/
BCIP was used as a substrate for the AP staining reaction.
RT-PCR
Total RNA was extracted with Trizol (Invitrogen)
following the manufacturer’s instructions. One microgram
of total RNA was used in a 20 Al reverse transcription
reaction with 500 ng of oligo dT, in the presence (+ RT) or
absence ( RT) of reverse transcriptase (Invitrogen). 2 Al of
this reaction was subsequently used as a template for PCR
amplification with primer sequences as follows: scute-
forward 5V-GAT GAC CTA AAT GGG GGC AG-3V,
scute-reverse 5V-GTG CAG TCC TCC TCG TCT AA-3V
and achaete-forward 5V-GCT TGC AGA AAG TTC TTC
ATG-3V, achaete-reverse 5V-GTT TTT TTA CAG GTC GTC
CTG-3V. For the semi-quantitative RT-PCR, reverse tran-
scription was performed as above in the presence of 500 ng
of oligo dT and 100 ng of rp49 reverse primer (5V-TTA CCT
CGT TCT TCT TGA GAC-3V). Separate PCR reaction tubes
containing either the scute specific primers, or rp49 reverse
and forward (5V-ATG ACC ATC CGC CCA GCA TAC-3V)
primers, were withdrawn from the PCR machine at the end
of the indicated cycles.Results
achaetestand by me, a P element insertion in the basal
promoter of achaete
As a first step to generate mutations in the region of the
achaete gene, we mobilized a newly available P element,
NP-6014, inserted upstream of yellow (y) in the immediate
vicinity of the AS-C (Fig. 1A). Flies homozygous for NP-
6014 display a wild-type bristle pattern. Consistent with
this, the expression patterns of Ac and sc mRNA are
indistinguishable from wild type in wing/thoracic discs
(Figs. 1, top picture, 2F,H). This is unsurprising as the P
element is situated outside the AS-C. Following remobili-
zation of this element, we isolated a line with a severe defect
Fig. 1. Mutations generated by two consecutive mobilizations of a P element insertion near the AS-C. Diagram of the genomic region around yellow ( y),
achaete (ac) and scute (sc), showing the coding exons of y (colored in yellow) and of ac and sc (blue), as well as the cis-regulatory element for the
dorsocentral bristles (DC enhancer, green). Bent arrows indicate transcription start sites. The scale is shown in panel (A). Diagonal double bars indicate an
interruption in the scale (the distance separating ac from sc is 25 kb). The P GawB-6014 (NP-6014) inserts are 11 kb long and are shown as red triangles. The
initial NP-6014 line, shown in panel (A), possessed an insertion 13 kb upstream of ac. The top right picture shows that such flies have a wild-type bristle
pattern. Arrowheads indicate the right pair of DC bristles. After the first mobilization event (B), the original element was found to have duplicated to produce a
second insert close to the ac promoter region. This line was named achaete-Stand By Me (acsbm) and is associated with a dramatic decrease in the number of
thoracic bristles, shown in the picture (middle right). The arrowhead points to a single thin and short anterior DC macrochaete. We subsequently remobilized
the insert in acsbm (C) and recovered a line, named ac-catch me if you can (accami), in which the bristle pattern has reverted to wild type (picture, lower right).
The NP-6014 element remains at its original position, but the acsbm element has excised imperfectly, leaving part of its 3Vfoot and deleting nucleotides located
28 to 265 bp upstream of the ac translation start site. The small region deleted includes all the signals for initiation of transcription of ac.
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the eleven thoracic macrochaetes are affected: the posterior
dorsocentral (pDC) is completely absent, while the anterior
dorsocentral (aDC) and posterior supra-alar (pSA) are
frequently missing (Fig. 2A). Microchaetes are also missing
from the posteriormost part of the notum, and their density
is reduced anteriorly, particularly at the position of the
DVM2 and DVM3 flight muscles and close to the midline
of the prescutum (Figs. 2B,C).
PCR analysis of the genomic DNA from such flies
showed that the NP-6014 P element was still at its initial
position but that it had duplicated giving rise to a new
element inserted very close to the basal promoter region of
ac (Fig. 1B). We named this strain acsbm, for ‘‘stand by
me’’. Since acsbm contains a vector harboring Gal4, it can
be used to drive expression of reporter genes. While the
progenitor line NP-6014 does not activate a UAS sequence,
we find that acsbm correctly senses regulatory inputs from
the genomic environment and reproduces a typical pro-neural-like expression in embryos and wing discs (not
shown).
achaetesbm is a regulatory mutant affecting achaete and
scute expression
Flies homozygous for acsbm are viable and fertile but show
a specific almost complete loss of DC bristles. Consistent
with this pattern of bristle loss, the products of both ac and sc
in acsbm wing discs were specifically depleted from the
proneural cluster that gives rise to the DC bristles (compare
Figs. 2F,H with G,I). Earlier studies have shown that a 1.4 kb
enhancer sequence situated upstream of ac mediates tran-
scription of both ac and sc in the DC cluster (Fig. 1) (Garcia-
Garcia et al., 1999; Gomez-Skarmeta et al., 1995). These
results therefore suggest that the 11 kb insertion in acsbm
impairs the activity of this regulatory element. If so, acsbm
would be a regulatory mutant with properties similar to those
of In(1)ac3, an inversion that physically separates ac and sc
Fig. 2. Phenotype of animals mutant for achaetesbm. (A) Schematic drawing of an adult hemithorax indicating the percentage of bristles missing in acsbm
animals. Only three macrochaetes are lost (black circles): the posterior supra-alar (pSA), the anterior dorsocentral (aDC) and the posterior dorsocentral (pDC)
(n = 50 hemithoraces). As a control, we have used NP-6014 which behaves similarly to Ore-R (not shown). (B,C) The positions of microchaetes of six flies of
the genotypes NP-6014 and acsbm respectively have been superimposed in these diagrams. Arrow and arrowheads in panel (C) show regions of lower density
(see text). (D) The thorax of an In(1)ac3 fly shows a loss of microchaetes posteriorly, laterally (arrowheads) and centrally (arrow) and is similar to the
phenotype of acsbm animals (see Fig. 1B, middle right). Panel (E) shows the thorax of an In(1)ac3/acsbm transheterozygote which is very similar to
homozygotes of either allele. (F–J) Third instar larval wing discs labeled with an anti-Achaete antibody (F,G) or, after in situ hybridization, with an sc mRNA
probe (H–J). Arrowheads show the DC region. Achaete and sc mRNA are present in all proneural clusters of NP-6014 flies (F,H) but are specifically absent
from the DC cluster in acsbm (G,I). scute mRNA is also missing from the DC cluster in wing discs of In(1)ac3 larvae (J).
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Skarmeta et al., 1995). Indeed, we found that the expression
of sc mRNA in In(1)ac3 mutant discs is indistinguishable
from that observed in acsbm. In both cases, expression is
normal except for the absence of the DC cluster (compare
Figs. 2I and J). The breakpoint in In(1)ac3 is close to the
transcription start site of ac and, unlike acsbm, no ac protein is
present in mutant flies (Campuzano et al., 1985; Skeath and
Carroll, 1991). However, remarkably, flies homozygous for
either of these mutations lack the same three thoracic
macrochaetes: the aDC, pDC and pSA (Figs. 1B, 2A,D).
Furthermore, acsbm fails to complement In(1)ac3 for this
phenotype (Fig. 2E). achaetesbm and In(1)ac3 also share, and
fail to complement for, a typical pattern of microchaete loss
(compare Figs. 1B, 2C,D,E). Terminal deletions that remove
sequence 5V to ac have been shown to cause a loss of
microchaetes (Ruiz-Gomez and Modolell, 1987). These
results indicate that the two independently derived mutations
affect regulation of ac and sc in a similar fashion.
Reversion of the achaetesbm phenotype after remobilization
of the P element
When we remobilized the P element present in acsbm, we
recovered three independent lines that had reverted to awild-type bristle pattern. In the first, the P element had
undergone perfect excision, consistent with the hypothesis
that it is responsible for the phenotype observed in acsbm. In
flies of this line, the ac protein was expressed normally and
could be seen in the DC cluster (not shown). In the second
case, the size of the P element in acsbm had shrunk from 11
to 4 kb. Possibly, its reduced size does not prevent the DC
enhancer from mediating activation of ac and sc. In this line
too, the distribution of Ac was normal (not shown). In the
third and most interesting revertant, the acsbm P element had
undergone imperfect excision, leaving behind a small part of
its 3Vfoot, and deleting 239 nucleotides of genomic DNA in
the direction of ac (Fig. 1C). This deletion eliminates both
the TATA box and the site of initiation of transcription of ac.
We named this new ac allele accami for ‘‘CAtch Me If you
can’’. Homozygous individuals have a full complement of
notal bristles (see Figs. 1, 5C).
achaetecami is a null allele of achaete that does not disrupt
expression of scute
The accami mutation deletes the ac basal promoter but
leaves intact the signal for initiation of translation (Fig. 1C).
We first examined homozygous mutant wing discs and
pupal thoraces with an anti-Ac antibody. Unlike the control
S. Marcellini et al. / Developmental Biology 285 (2005) 545–553 549NP-6014 line which displayed a typical pattern of expres-
sion in proneural domains and bristle precursors (Figs. 2F,
3A), no specific signal could be detected in either case
(Figs. 3B,C). However, the spatial expression of sc mRNA
was found to be wild type in accami mutant discs and pupal
thoraces (Figs. 3D,E). We also examined embryos with the
Ac antibody. While a typical pattern of proneural clusters
expresses ac in the PNS of NP-6014 control embryos, no
expression could be detected in accami embryos (Figs.
4A,B). Expression of sc mRNA, on the other hand, was
found to be wild type (Fig. 4C).
To rule out the possibility that transcription of ac could
be initiated in other tissues from another, unknown, cryptic
promoter, we also looked for mRNA products by RT-PCR
using simultaneously two primer pairs specific to either ac
or sc sequences. This assay, performed on both third instar
larvae and pupae, confirmed the presence of both ac and sc
mRNA in the NP-6014 control but failed to detect the
presence of ac transcripts in the accami mutant (Fig. 3F). We
conclude that accami is an amorphic allele of ac.
accami deletes the basal promoter of ac, raising the
possibility that the shared cis-regulatory elements might
always be available to activate sc, thus increasing the levels
of sc expression. In order to compare the expression level of
sc between the NP-6014 and accami lines, we performed a
semi-quantitative RT-PCR on first instar larval cDNAs. PCR
primers specific to the ribosomal protein 49 (rp49)
confirmed that equivalent amounts of NP-6014 and accami
cDNAs were analyzed (Fig. 3G). For NP-6014 and accami,
sc-specific PCR products were first detectable with similar
intensities after 26 cycles (Fig. 3G). We did not observe any
significant changes in the levels of sc in accami mutants.
The peripheral nervous system of the larva and imago
appears morphologically normal in the absence of Achaete
Imagos homozygous for accami are not only viable and
fertile but appear to be morphologically normal (Fig. 1,
bottom). Sensory organs of the imago are all present (Figs.Fig. 3. achaete and scute expression in achaetecami larvae and pupae. (A)
Achaete antibody staining shows the presence of microchaete precursors in
pupae of the control NP-6014 line. Staining with an Achaete antibody failed
to reveal expression of this protein in accami third larval instar wing discs
(B) and pupal thoraces (C). (D,E) scute mRNA is expressed normally in
accami third larval instar wing discs and pupal thoraces, respectively.
Arrowhead in panel (D) shows the DC cluster. Dashed red line: dorsal
midline. (F) RT-PCR analysis of larvae (left panel) and pupae (right panel)
allowed simultaneous amplification of cDNAs from scute (a 488 bp
product) and achaete (a 347 bp product) in NP-6014 specimens, while only
the scute-specific product could be detected with cDNAs from accami
individuals. Parallel reactions were performed in the presence or absence of
reverse transcriptase (+RT and RT lanes respectively). (G) Semi-
quantitative RT-PCR performed on NP-6014 (lanes labeled ‘‘NP’’) or
accami (lanes labeled ‘‘C’’) third instar larval cDNAs. For each genotype,
the same cDNA sample was tested by PCR using specific primers for scute
or for the loading control rp49 (ribosomal protein 49). Increasing numbers
of PCR cycles are indicated above the brackets. The RT lanes show
results for the samples treated in parallel without reverse transcriptase.1, 5C). In addition, we examined the larval PNS of accami
mutants using the 22C10 antibody. The larval PNS consists
of stereotyped groups of neurons (Bodmer et al., 1987;
Dambly-Chaudiere and Ghysen, 1987) visible on the cuticle
of late embryos. These groups all appeared to display a
wild-type organization in accami larvae (Fig. 4D). Careful
examination of the third thoracic and first abdominal
segments failed to uncover any differences with control
embryos (Figs. 4E,F). In both cases, the PNS was organized
in dorsal, lateral and ventral clusters containing neurons in
comparable numbers. The lack of phenotype may explain
why previous attempts to isolate an ac null mutation have
failed (Gomez-Skarmeta et al., 1995).
Fig. 4. Development of the embryonic PNS of achaetecami mutants. (A–B) At stage 11, Ac is expressed normally in clusters in the peripheral nervous system of
NP-6014, but not accami embryos, respectively (cf. Ruiz-Gomez and Ghysen, 1993). (C) scute mRNA is however expressed normally in accami embryos at stage
11. Views are from a dorso-lateral angle with anterior to the left. (D) Staining of stage 16 accami embryos with the 22C10 antibody shows that the peripheral
nervous system is well organized (lateral view, anterior left, dorsal up). The third thoracic (T3) and first abdominal (A1) segments indicated in panel (D) are shown
at higher magnification in panel (E) and in an NP-6014 control embryo in panel (F). The number and positions of sense organs appear identical. Abbreviations: d
and l, dorsal and lateral clusters respectively; v and vV, two ventral clusters; p5 and p9, two abdominal papillae; dch3, dorsal chordotonal neurons 3.
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mutants display a loss of bristles
A probable null allele of sc , scM6, was described
previously (Gomez-Skarmeta et al., 1995). Flies hemizygousFig. 5. Bristle loss in flies heterozygous for achaetecami with mutants of the AS
(In(1)ac3sc10-1), sc (scM6) or ac (accami). Bristles absent in scM6 are named, and
accami. (D) Schematic drawing of a left hemithorax showing the eleven macrochaet
posterior notopleural (pNP), posterior supra-alar (pSA) and the anterior postalar (aP
Table showing the percentage of bristle loss at 18-C in adult females transheterozy
of the AS-C, Df(1)scB57 (B57), or a rearrangement In(1)ac3sc10-1 (sc10-1). For ea
alleles are named, null mutants are crossed and deletions are indicated by parenthes
results were obtained when comparing wild-type Oregon-R with accami, demonstra
shown). In each case, more than 400 hemithoraces were scored.for scM6 are sterile and lack some sensory bristles (Fig. 5B).
Presumably, the bristles that do form result from the activity
of ac. However, in the absence of Ac, all bristles are
nevertheless present (Fig. 5C). To carefully quantify the
contribution of ac to bristle development, we compared the-C. (A–C) Dorso-lateral views of thoraces of male mutants for ac and sc
their normal position is marked with an asterisk. No bristles are missing in
es (circles). The four bristles shown in black, the anterior notopleural (aNP),
A), are lost to various extents in the transheterozygotes examined below. (E)
gous for accami or NP-6014 and either a scute null allele (scM6), a deletion
ch column, chromosomes are symbolized by drawings where the functional
es. Bristle loss is consistently higher in accami than in NP-6014 flies. Similar
ting the suitability of the initial NP-6014 line as an appropriate control (not
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tional copy of both ac and sc, with the accami chromosome,
which carries a functional copy of sc only, in heterozygous
females of various genotypes. We employed scM6 as well as
two chromosomes that are deficient for both ac and sc.
In(1)ac3sc10-1 (homozygous semi-lethal, sterile) carries a
nonsense mutation in sc rendering the resulting sc protein
non-functional on a chromosome also carrying In(1)ac3
(Villares and Cabrera, 1987). Df(1)scB57 (homozygous
lethal) is a deletion removing the entire AS-C (Campuzano
et al., 1985). In hemizygous flies, or homozygous mutant
clones, both of these mutations abolish the formation of all
ac–sc dependent sense organs (Garcia-Bellido, 1979).
Results from crosses grown at 18-C are presented in Fig.
5. In all crosses, only four notal macrochaetes were affected,
the seven others were systematically present (Figs. 5D,E).
scuteM6/NP-6014 females, which have one functional copy
of sc and two functional copies of ac, are wild type except
for a very low frequency of missing pSA and aPA bristles.
Removing in addition one of the copies of ac (scM6/accami
flies with one functional copy of sc and one functional copy
of ac) resulted in a modest loss of pNP and pSA bristles and
a significantly increased loss of aPA bristles. Df(1)scB57/NP-
6014 and In(1)ac3sc10-1/NP-6014 females also have a single
functional copy of both ac and sc. They display a higher
frequency of bristle loss than scM6/accami flies, presumably
because some or all of the regulatory sequences are also
present in a single copy. Both Df(1)scB57/NP-6014 and
In(1)ac3sc10-1/NP-6014 imagos show loss of the pSA, aNP,
pNP and aPA bristles to varying degrees. The PSA is lost
the most frequently. Previous studies have already demon-
strated the extreme sensitivity of this bristle to a decrease in
dosage of ac and sc (Gomez-Skarmeta et al., 1995;
Wrischnik et al., 2003). The same four bristles are lost in
Df(1)scB57/accami and In(1)ac3sc10-1/accami imagos, but to a
far greater extent than in Df(1)scB57 /NP-6014 and
In(1)ac3sc10-1/NP-6014 flies.
These results show that, at 18-C, removal of one dose of
ac has a significant effect on bristle loss in flies heterozygous
for scM6 and deletions or re-arrangements of the AS-C. The
same phenomenon was also clearly observed at 25-C but
affected fewer bristles at lower frequencies (not shown).Discussion
There are no achaete-dependent sense organs
raditionally, various chromosomal re-arrangements, such
as Df(1)y3PLsc8R and In(1)ac3, have been employed to
remove ac function. However, these are also likely to
disrupt functioning of regulatory sequences that affect sc
expression. Our results clearly demonstrate this: In(1)ac3
has a similar phenotype to that of acsbm, a mutant caused by
a P element insertion that does not prevent transcription of
the ac gene. Earlier studies with chromosomal rearrange-ments attributed the loss of some sense organs to the activity
of ac and others to the activity of sc (Dambly-Chaudiere and
Ghysen, 1987; Garcia-Bellido, 1979; Garcia-Bellido and
Santamaria, 1978; Moscoso del Prado and Garcia-Bellido,
1984a,b; Ruiz-Gomez and Ghysen, 1993). However, it later
transpired that the two genes are co-expressed at all
proneural sites in embryos and in imaginal discs (Cabrera
et al., 1987; Cubas et al., 1991; Parras et al., 1996; Romani
et al., 1987; Ruiz-Gomez and Ghysen, 1993; Skeath and
Carroll, 1991). After the discovery of the multiple cis-
regulatory elements, it was assumed that a specific enhancer
might activate either ac or sc but that cross-regulation
between the two genes would ultimately lead to expression
of both proteins (Martinez and Modolell, 1991; Ruiz-Gomez
and Modolell, 1987). This idea was dispelled when Gomez-
Skarmeta and colleagues demonstrated that the enhancers
are shared and that each is able to activate both ac and sc
(Gomez-Skarmeta et al., 1995). Mobilization of a P element
has enabled us to isolate the first null allele of ac that does
not affect any of the cis-regulatory enhancer sequences of
the AS-C. No ac mRNA or protein is made in accami flies,
and yet the peripheral nervous system of ac null flies
appears to be morphologically wild type. Our results
demonstrate definitively that no sense organs are exclu-
sively ac-dependent. achaete mutants are presumably wild-
type because of the activity of sc, which is expressed
normally at all proneural sites.
An EMS-induced allele of sc, scM6, has been described
that carries a stop codon and results in production of a
truncated protein (Gomez-Skarmeta et al., 1995). In contrast
to ac mutants, flies devoid of Sc display many missing
bristles (Gomez-Skarmeta et al., 1995; Wrischnik et al.,
2003). However, the accami mutant lacks the basal promoter,
so one possibility is that the shared cis-regulatory elements
are all free to act on sc, thus leading to increased sc
expression that would compensate for the lack of ac
products. However, our semi-quantitative RT-PCR approach
and the fact that In(1)ac3sc10-1/accami flies have a stronger
phenotype than In(1)ac3sc10-1/NP-6014 flies suggest that
any increase is in fact rather subtle. Therefore, we conclude
that ac, but not sc, is dispensable. As co-expression of ac
and sc is mediated by shared enhancers, differences between
the two genes are not due to differences in cis-regulatory
sequences. A probable explanation for the difference
between ac and sc is that Sc appears to have stronger
proneural activity. In ectopic expression assays, Ac only
poorly activates ase and senseless, two genes immediately
downstream of Ac/Sc that are strongly activated by Sc under
the same conditions (Lai, 2003). This difference presumably
resides in the coding sequence of the two genes. One known
difference between the proteins is that Ac cannot replace Sc
for a recently acquired function of sc in sex determination
(Wrischnik et al., 2003). Finally, females mutant for ac and
carrying a single copy of sc have a much less severe
phenotype than females mutant for sc and having a single
copy of ac (our data and see Wrischnik et al., 2003). Indeed,
S. Marcellini et al. / Developmental Biology 285 (2005) 545–553552the severity of the mutant phenotypes can be ordered thus:
ac sc > ac+ sc > ac sc+ = wild type.
Is achaete in the process of disappearing?
Classical models predict two possible fates for newly
generated duplicate gene pairs: one copy can be lost through
deleterious mutation, or, the acquisition of a novel function
by one copy can allow both genes to be retained (Ohno,
1970). Since the duplicated genes are initially redundant and
deleterious mutations are more frequent than those conferring
new functions, gene loss should be the fate of most duplicates
(Lynch and Conery, 2000). So, it is possible that ac is in the
process of disappearing. An interesting example of a gene
that may be disappearing is the zinc finger-encoding gene elt4
of Caenorhabditis elegans. It is expressed in the same place
as its closest paralogue elt2, but the knockout does not appear
to have any phenotype and there is no evidence that loss of
elt4 exacerbates the elt2 null phenotype (Fukushige et al.,
2003). The elt4 gene is very reduced in size and may have
arisen in the last 25–55 Myr. In contrast, the ac –sc
duplication is the most recent one to have taken place at the
AS-C but occurred at least 100 Myr ago: achaete has been
found in distant fly species such as Musca domestica (Skaer
et al., 2002; Wrischnik et al., 2003). Furthermore, while Ac is
smaller than Sc, the strongly conserved protein motifs are
unchanged, and unlike elt4/elt2, loss of ac strongly exacer-
bates the phenotype of flies mutant for sc. Taken together,
these observations suggest that ac has been retained by
selection and is not in the process of disappearing.
Why has achaete been retained?
One reason to select for the continued presence of ac
would be the existence of an as yet undiscovered sub-
function. Whole genome sequencing has unexpectedly
revealed that far more duplicate genes are retained than
predicted by population genetics theory (Prince and Pickett,
2002). The model of sub-functionalization proposed that,
after duplication of genes with modular promoters, each
copy may sustain deleterious mutations in different regu-
latory elements such that ancestral functions come to be
partitioned out between the two copies and both are retained
(Force et al., 1999; Lynch and Force, 2000). The genes at
the AS-C have arisen by consecutive duplication events, and
the distinct roles and expression patterns of l’sc (CNS), ase
(neural precursors) and ac–sc taken together (PNS), are
likely to be the result of a partitioning of ancestral roles
(Skaer et al., 2002). For development of the PNS, the
function of ac seems to be totally redundant with that of sc.
However, ac and sc are expressed in tissues other than the
PNS. A specific derived role for sc alone has been described
for sex determination (Wrischnik et al., 2003). No known
individual function for ac has so far been uncovered, but a
hidden specialized function for ac remains possible in spite
of the viability and fertility of ac null flies in the laboratory.A second possibility is that ac has been retained for its
contribution to genetic robustness. There are suggestions in
the literature that gene duplications may help buffer the
genome against environmental perturbations and mutations
and that this contribution to genetic robustness may be why
duplicate genes are retained for long periods of time (Gu,
2003). Loss of function of genes present in a single copy
was found to reduce fitness in yeast more severely than
deletion of one copy of a duplicate gene (Gu et al., 2003;
Winzeler et al., 1999). Similarly, among conserved genes in
C. elegans, those present in a single copy are more likely to
have a double-stranded RNA interference phenotype than
those with at least one duplicate (Kamath et al., 2003). Our
results show that loss of one copy of ac does increase bristle
loss in sensitized genetic backgrounds. Therefore, the
existence of the two paralogues may confer a selective
advantage in buffering the PNS against intrinsic and
extrinsic perturbations. Correct expression of ac–sc in the
developing notum is known to depend on the many cis-
regulatory sequences as well as a number of transcriptional
and post-transcriptional trans-regulators. Therefore, in the
wild, variability in interactions between segregating strong
and weak alleles of these factors will affect phenotype
(Long et al., 2000). Disadvantageous allelic combinations
may be buffered by the cumulative activity of ac and sc.
Similarly, the presence of two paralogues may also buffer
against environmental perturbations such as temperature.
Indeed, wild-type flies display no variability in bristle
number at different temperatures, whereas flies with
reduced Ac/Sc levels lose bristles at lower temperatures.
Duplication at the ac–sc complex has occurred specifically
in the Dipteran lineage. In Drosophila and many other
cyclorraphous flies, the pattern of macrochaetes is stereo-
typed. This and other features suggest a possible function
specific to each bristle. Survival in the wild puts fly
populations under selective pressure and undoubtedly
requires accurate behavior. achaete may have been retained
for its contribution to the genetic and developmental
robustness necessary to reproducibly elaborate a fully
functional PNS.Acknowledgments
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